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Abstract
We discuss the possibility of a laboratory search for light minicharged particles
carrying electric charge that is a small fraction ǫ of that of electron. We point out
that the production of pairs of such particles in an electric field would result in a
measurable discharge in vacuum of electrically charged objects. A realistic experiment
may be sensitive to such particles at least down to ǫ ∼ 10−8 if their mass is below
∼ 10−4 eV.
Possible existence of particles with electric charge being a small fraction ǫ of that of the
electron e, qǫ = ǫe, has been discussed theoretically and tested experimentally by probing
the neutrality of matter [1] since the very early days of particle physics. Nowadays, in
spite of all the subsequent development, it is still impossible to fully exclude the existence
of such minicharged ‘ǫ - particles’ on purely theoretical grounds. Indeed, their existence
can be accommodated, although in a somewhat contrived way, in GUT theories with a
semisimple group [2], and even in a more straighforward manner in models with an extra
gauge U(1) group, whose ‘paraphoton’ has a kinetical mixing with the ordinary photon [3].
In the latter scheme the particles, having a ‘normal’ charge under the extra U(1) group,
would appear with an electric charge with respect to the ordinary photon being proportional
to the mixing parameter. Thus the ǫ-particles can be sought for in a vast range of their
fractional charge ǫ and their mass mǫ. In particular such particles were recently discussed
in connection with the bounds on the stability of the photon [4] , and also on non standard
properties of neutrinos [5]. The updated version [6] of the experimental probe of the electric
neutrality of matter and the charge conservation in β decay place a very strong bound on
the charge of the neutrinos [2, 7], ǫν < 10
−21, but for new particles the value of ǫ can be
substantially larger. A comprehensive review of the limits on the parameters (ǫ, mǫ) from
laboratory experiments and astrophysical considerations can be found in Ref. [8], with the
strongest upper limit on ǫ being in the range 10−13 − 10−14 and arising from considering
the cooling of Red Giants and White Dwarfs, so that this limit applies if the mass mǫ does
not exceed few keV. The bounds from laboratory experiments are considerably weaker. The
best upper bound ∼ 10−6 on ǫ at the mass mǫ below ∼ 10
−2 eV comes from the estimate [9]
of the energy loss due to production of pairs of minicharged particles by high Q-factor RF
cavities used in accelerators. It was subsequently noticed [10] that for very small mǫ, below
10−7 eV, an upper limit approximately ǫ < 5 × 10−7 can be inferred from the tests of the
Coulomb law [11, 12, 13], that would be modified [14] by the vacuum polarization due to
the minicharged particles at the typical distances of about 1m used in these tests.
In this paper we consider another effect that may allow a laboratory test for minicharged
particles with mass up to approximately 10−4 eV and ǫ down to ∼ 10−8, namely the discharge
of electrically charged bodies in vacuum due to the Schwinger [15, 16] process of pair creation
in an electric field. The pair production of minicharged particles was mentioned in Ref. [17]
and subsequently used as the mechanism for the energy loss in RF cavities in Ref. [9].
According to the estimates that will be presented below, an experiment of the type that we
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discuss here, based on the same Schwinger process, is likely more straightforward and has
a better sensitivity to light minicharged particles. This hypothetical experiment involves a
sphere of radius R initially charged to a potential V0 and placed in vacuum. The electric
field near its surface creates pairs of minicharged particles. Assuming for definiteness that
the sphere is carrying a positive charge, the created positive ǫ-particles will be expelled
(to infinity) by the Coulomb field, while the negative ones will stay near the sphere and
screen its charge. As the pairs are constantly produced, the effective charge of the sphere
should decrease with time, which can be measured e.g. by the variation of the attractive
force between the charged sphere and a distant grounded conductive plane. We estimate the
characteristic time of the discharge for a sufficiently small sphere and small mass mǫ as
td =
(
ǫ3
α
π2
e V0
)
−1
≈ 100 days
(
10−8
ǫ
)3 (
100 kV
V0
)
. (1)
In other words, the sphere will lose approximately 1% of its charge in one day, if ǫ ≈ 10−8
and V0 ≈ 100 kV. The applicability of the expression (1) also assumes that the radius R of
the charged sphere, satisfies certain conditions, which will be discussed further in the text.
In our ‘benchmark’ estimates we assume V0 ≈ 100 kV and R = 1 cm, which are hopefully not
very ambitious assumptions about what is achievable in a laboratory experiment. Also we
use the Gauss’ system of electrostatic units throughout this paper, so that e2 = α ≈ 1/137.
The number N of pairs created in a uniform electric field E per unit time and per unit
volume for particles with charge q and mass m is given by [18]
Nf =
(qE)2
4π3
exp
(
−
πm2
qE
)
and Ns =
(qE)2
8π3
exp
(
−
πm2
qE
)
(2)
for respectively spin 1/2 fermions and scalars. It can be noted that, as first pointed out in
Ref. [18] and more recently discussed in Ref. [19], this quantity is different from the rate Γ of
decay of the vacuum (i.e. of the zero-pair state) in the same electric field, which is given [16]
by the respective expressions
Γf =
(qE)2
4π3
∞∑
n=1
1
n2
exp
(
−
πm2
qE
)
and Γs =
(qE)2
8π3
∞∑
n=1
(−1)n+1
n2
exp
(
−
πm2
qE
)
. (3)
(In other words, the rate for pair creation N is given in each case by only the first term in
the sum for Γ.) Clearly, it is the rate for pair creation (2) that is of relevance for the problem
of the electric discharge which is discussed here.
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It is also evident from Eq.(2) that the mass of the particles does not suppress their
production if m2 ≪ qE, and this is the limit that we will assume, given that at larger mass
the tunneling exponent effectively cuts off the production rate. The limits on mǫ and ǫ
that can be achieved by an experiment of the discussed type thus critically depend on the
achievable strength of the field E and its distance scale R. The production of ǫ particles
near the surface of the sphere is not suppressed by the exponent if their mass satisfies the
condition
m2ǫ ≪
ǫ e V0
R
∼ (10−4 eV)2
(
ǫ
10−8
) (
V0
100 kV
) (
1 cm
R
)
. (4)
The particles are then produced at the characteristic distance scale determined by the field
strength
ℓ ∼ (ǫ eV0/R)
−1/2
∼ 0.1 cm
(
ǫ
10−8
)
−1/2 ( V0
100 kV
)−1/2 ( R
1 cm
)1/2
, (5)
so that one can neglect the non uniformity of the field and use the expressions (2) for a
constant field as long as ℓ≪ R, which requirement can be written as a condition for ǫ:
ǫ≫ (e V0R)
−1
∼ 10−10
(
100 kV
V0
) (
1 cm
R
)
. (6)
If the interaction of the ǫ-particles with the matter of the sphere is only the electro-
magnetic interaction due to their minicharge, they essentially pass freely through the test
sphere and the negative ones are captured by the Coulomb field at the maximal distance
determined by the distance at which they were produced, and which is of order R. In the
case where the produced particles do have other interaction with the ordinary matter they
are captured in the material of the sphere and thus also stay within the radius R. The total
rate of accumulation of the negative charge from pairs produced in the volume around the
sphere is given by integrating the expression (2) over the volume occupied by the Coulomb
field outside the sphere. For the fermion case one readily finds (for scalar ǫ-particles the
numerical coefficient is twice smaller)
dQ
dt
= −ǫ3
α
π2
e
Q20
R
= −ǫ3
α
π2
Q0 e V0 , (7)
where Q0 = V0R is the initial electric charge on the sphere. Thus the characteristic time
of initial discharge td = Q0/(dQ/dt) is estimated as given by Eq.(1). At later times one
should take into account the back reaction of the screening by the accumulated negative
charge on the Coulomb field and thus on the rate of the charge accumulation. The specific
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calculation then depends on the spatial distribution of the screening charge which in its turn
depends on the interaction of the ǫ-particles with the matter, and also on their mass. The
latter dependence arises from the fact that the captured negative particles radiate due to
their acceleration in the Coulomb field. Indeed, the total power radiated by a (generally
relativistic) particle in an electric field is given by the well known formula [see e.g. in the
textbook [20], Eq.(73.7) ]
dW
dt
=
2 ǫ4 e4E2
3m2ǫ
(8)
with W being the radiated energy. Since the initial energy of the created particle is of order
W0 = ǫ e V0, and E ∼ V0/R, one estimates the characteristic time over which the ǫ-particles
lose their energy by radiation as
tr =
W0
dW/dt
∼
m2ǫ R
2
ǫ3 α e V0
, (9)
so that the radiation time can be compared with the discharge time in Eq.(1) as
tr ∼ tdm
2
ǫ R
2 . (10)
Since we make no assumptions here about the value of the product mǫR, as long as the
conditions (4) - (6) are satisfied, the present treatment allows for arbitrary relative values of
the characteristic time for radiation and discharge. We believe that at this point it would
be premature to analyze in detail the process of discharge at later times, when the effect is
of order one, since it is plausible that even a small (say, 1%) initial discharge would be quite
detectable in a realistic experiment.
It appears helpful, for understanding the effects of light minicharged particles on the
Coulomb field of charged bodies, to discuss the relation between the modification of the field
due to the vacuum polarization and the production of pairs of the ǫ-particles. If mǫ is small
and satisfies the condition (4) the vacuum effects are not determined by the mass, but rather
by the largest of the scales set by the ‘momentum transfer’ p ∼ 1/r ∼ 1/R and the field
scale (ǫ eE)1/2 ∼ (ǫ e V0/R)
1/2, which is the typical momentum supplied by the field to the
particle. In a situation where the former momentum scale is larger, the vacuum polarization
effects can be calculated from a standard loop with the ǫ-particles and can be described by
the effective Lagrangian in a purely electric field (see e.g. in the textbook [21]) 1
Leff = −
ǫ2 α
24π2
E2 log(r2Λ2) , (11)
1For definiteness the formulas for spin 1/2 particles are discussed. For scalars the coefficient in front of
the logarithm is four times smaller.
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where the precise meaning of the parameter Λ depends on the chosen convention for renor-
malization of α and is of no significance for the present discussion. The variation of the
effective Lagrangian (11) gives rise to the modification [14] of the Coulomb potential, dis-
cussed [10] in connection with the bounds on the ǫ-particles. If, however, the electric field is
strong, ǫ eE ≫ 1/r, then the vacuum polarization loop should be calculated with the exact
propagator in the field rather than with a free-particle Green function. (It should be noted
that in this case the calculation of the vacuum polarization is affected even inside a charged
sphere, where locally the unmodified Coulomb field strength is zero. This is due to the fact
that the propagators in the loop also include particle paths that extend outside the sphere.)
In this limit the effective Lagrangian, as determined by the well known Euler-Heisenberg
calculation [21], has the form
L
′
eff =
ǫ2 α
24π2
E2 log
(
i ǫ eE
Λ2
)
. (12)
The real part of this expression describes the modification to the Coulomb field, while the
imaginary part describes the decay of the vacuum state:
Γf = 2 ImL
′
eff =
ǫ2 α
24π
E2 , (13)
which is the m→ 0 limit of the first expression in Eq.(3).
Clearly, in a spherical geometry the condition for the field scale to be dominant, and
the effective Largangian (12) to be appropriate, is exactly the inequality (6). One can then
notice that for the typical parameters of the most sensitive experiment [13], V0 = (40÷70) kV
and R ∼ 1m, this condition is satisfied as long as ǫ is larger than ∼ 10−11 and is thus
well applicable at the claimed [10] bound 5 × 10−7 for ǫ. Under these circumstances the
applicability of the Uehling correction derived from the effective Lagrangian (11) is not
justified, and the interpretation of the experiment [13] in terms of a bound for ǫ has to
be modified, although it is not clear at present how strong such modification would be
numerically. It can be also noted that the discussed here effect of accumulation of the ǫ
particles due to the pair production [related to the imaginary part of the Lagrangian (12)] is
proportional to time, and can thus be much greater than that of the real part of the vacuum
polarization. For this reason we believe that a laboratory measurement of the discussed here
type can achieve a higher sensitivity to minicharged particles.
In summary. We estimate that the production of pairs of light minicharged particles
by electric field results in a realistically measurable discharge of charged objects in vacuum
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for the value of ǫ as low as ∼ 10−8. At such ǫ a sphere of the radius 1 cm charged to the
potential 100 kV would lose about 1% of its charge after one day, provided that the mass of
the hypothetical particles is less than ∼ 10−4 eV. We also find that for objects at a high, but
still realistic, potential the discharge through the pair creation is the more readily observable
than the modification of the Coulomb’s law due to the vacuum polarization.
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